Keratoconus is the most common primary corneal ectasia, involving a thinning of the central cornea, leading to irregular corneal astigmatism. Wavefront analysis is an evolving field in the area of corneal surgery, initially designed for laser refractive treatments, but today is growing in importance and application in the diagnosis and treatment of corneal disorders such as keratoconus. In this article we will review the theoretical background of high order aberrations and the wavefront analysis as a tool for the diagnosis of keratoconus.
INTRODUCTION
Keratoconus is a Greek word (kerato: Cornea; konos: Cone), meaning a cone-shaped protrusion of the cornea. Keratoconus is the most common primary corneal ectasia. It is a noninflammatory, progressive thinning of the cornea that is usually bilateral and involves the central two-thirds of the cornea. The hallmark of this ectatic disorder is an irregular corneal astigmatism. This significant irregularity is the consequence of the changes induced in the anterior corneal geometry. These changes can be assessed by means of corneal topography, demonstrating an increased area of corneal power surrounded by concentric areas of decreasing power, inferior-superior power asymmetry, and skewing of the steepest radial axes above and below the horizontal meridian.
1,2 These topographic alterations are responsible for the significant induction of higher order aberrations and for visual quality degradation.
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Wavefront analysis was initially de signed for planning and delivering customized laser refractive treatments but it can also be a val uable diagnostic tool in detecting subtle disorders of the cornea or lens like keratoconus.
Understanding and Measuring Aberrations
In a 'perfect' optical system, rays emanating from an object point are refracted (and also reflected) to converge to the unique image point expected from Gaussian ray tracing theory. If we consider divergent wavefront rays spreading out from the object to be changed by the optical system into convergent wavefront rays (such as the rays exiting the eye), in a 'prefect' optical media, the wavefronts will be perpendicular to the rays for any phase analyzed ( Fig. 1,  left) . However, if there are aberrations in the optic media, the refracted rays are no longer perfectly converge to the unique image point and are no longer parallel to the rays (Fig. 1, right) . Imperfections in the components and materials in the eye may cause light rays to deviate from the desired path. These deviations, referred to as optical or wavefront aberrations, result in blurred images and decreased visual performance. 4 The wavefront aberrations are measured by the distance between an actual wavefront and an ideal 'perfect' or spherical wavefront (usually in micrometers). This distance represents the difference in the optical path, which is referenced to the center of the 'exit' pupil of the system, where the wavefront aberrations should be zero. Therefore, wavefront aberrations are characterized by the difference between the actual wavefront analyzed and the ideal wavefront measured at the pupil plane. The larger the difference, like in keratoconic corneas, the greater the magnitude of the wavefront aberration error. 4 Within the past decades, rapid improvement in wavefrontrelated technologies, including the development of sensors for measuring the optical properties of the eye in a clinical environment, allowed the ophthalmic community to move the wavefront theory of light transmission from an academic concept to one being central for better understanding of the effect of aberrations on visual performance and the corresponding image-forming properties of the eye. Imperfections in the optics of the eye are now measured and expressed as wavefront aberration errors.
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Zernike Polynomials and Wavefront Aberrations
Ocular aberrations were classically described in Seidel terms, using functions such as oblique astigmatism, spherical aberration, field curvature and coma. 15 However, these Seidel terms are limited, in that they cannot describe every single type of aberration found in the eye. As a result this description has been replaced by Zernike's polynomials, 16 which are complex mathematical formulae that are used to describe the intricate shapes of aberrations across the pupil.
The Zernike polynomials are used in geometry to mathematically describe the best fitting curves.
Each Zernike polynomial coefficient term is arranged and recognized by two features: its angular frequency and its radial order (Formula 1). W (ρ, θ) = Σ ΣC Z (ρ, θ). W -Zernike polynomial coefficient ρ -angular frequency θ -radial order Formula 1 -The Zernike polynomial coefficient formula.
The coefficient values have both a magnitude and a sign which describes how that particular term makes up a certain proportion of the total wave aberration. The coefficients can tell us the variation in magnitude for each Zernike term used to describe the aberrations. These properties have made Zernike polynomials very attractive in optics. The ordering system for Zernike polynomials starts from 0 (the 0th order) upward with most aberrometers calculating up to the 10th radial order. The values for 'piston' (the 0th radial order coefficient term),'tip' and 'tilt' (the 1st radial order coefficient terms) are most often ignored when analyzing aberrometry data for normal and abnormal eyes. This is because these terms relate to the displacement of the image only, hence consideration of these with respect to image quality is therefore not usually relevant. [17] [18] [19] Another useful property of Zernike aberrations is that some of the coefficient terms of the Zernike polynomial expansion series are related to known types of optical aberrations such as defocus and astigmatism (2nd order), coma (3rd order) and spherical aberration (4th order).
The most significant optical aberrations are usually manifest in the form of sphere and cylinder, which are known as the lower-order aberration terms of the eye (where Z (2,0) and Z (2, ± 2) represent sphere and cylinder respectively).
As we go further down the Zernike pyramid (past the 2nd radial order), we move to the components known as the higher order aberrations, the shape of the coefficient term is more complex (Fig. 2) .
The amount of aberration is calculated using the root mean square (RMS) of the difference between the actual and the 'ideal' wavefront for every order. The magnitude of the RMS error is dependent on the size of the pupil being investigated, and the amount of wavefront RMS error found will increase as the pupil size increases (Figs 3A to C).
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The wavefront RMS error value allows a brief comparison between different eyes. The higher-order RMS error is the vector sum of all the Zernike terms from the 3rd order and above. The main limitation of the RMS error is that it is only a single value, which does not represent information about the actual shape of the aberrant wavefront itself. Additionally, this value is not directly linked to the retinal image quality of the eye being investigated. Aberrations are defined by either negative or positive signs as well as a magnitude. A positive sign means that the aberrated wavefront is in front of the ideal plane, whereas a negative sign means that the aberrated wavefront is behind the ideal plane.
Measuring Higher-Order Aberrations
There are several instruments available today for measuring corneal aberrations (anterior and posterior) and the total ocular aberrations. These include the optical effects of the anterior and posterior cornea as well as the crystalline lens. 
Types of Wavefront Measuring Systems
Hartmann-Shack aberrometer is an outgoing wavefront
aberrometer which is considered the most popular system available in commercial instruments as well as the most common and accepted method of measuring total ocular aberrations in clinical research and in refractive corneal surgery. This system measures the shape of the wavefront reflected out of the eye from a point source on the fovea. An array of microlenslets is used to subdivide the outgoing wavefront into multiple beams which produce spot images on a video sensor (Fig. 3 ). The displacement of each spot from the corresponding nonaberrated reference position is used to determine the shape of the wavefront.
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2. Tscherning, or ray-tracing aberrometer is an ingoing instrument. It projects a thin laser beam into the eye, parallel to the visual axis which form a grid, 10 and the sequential retinal ray tracing of individual points scanning. [10] [11] [12] [13] The scanning of individual points allows the measurement of aberrations in corneas with pronounced optical distortions, which is very useful in cases of keratoconus. 3. Automated retinoscopy, based on dynamic skiascopy. The retina is scanned with a slit-shaped light beam, and the reflected light is captured by an array of rotating photodetectors over a 360º area. The time difference between projected and reflected light is used to determine the aberrations.
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Measuring Corneal Aberrations
There are several techniques for measuring corneal higherorder aberrations derived from corneal topography data. Briefly these include:
• Placido ring method, e.g. the TMS topographer (Tomey Technology, Waltham, MA, USA) • Combined slit-scanning and Placido ring technology, e.g.
the Orbscan topographer (Bausch and Lomb, Rochester, NY, USA)
• Scheimpflug photography, e.g. the Oculus Pentacam (Wetzlar, Germany) Of these instruments, the TMS will only measure anterior corneal surface aberrations, whereas the Orbscan II and the Pentacam can measure both anterior and posterior corneal surface aberrations.
Higher-Order Aberrations in Keratoconus
The amount of higher order aberrations in keratoconic eyes are significantly higher when compared to normal eyes.
In patients with keratoconus, measuring high order aberrations becomes a challenge especially in advanced keratoconus due to the complex corneal irregularity or corneal scars.
When discussing aberrations in keratoconic eyes, vertical come is the most common aberration because corneal thinning is classically located in the inferior temporal part of the cornea. This means that the light waves will distort significantly in different amounts in the superior flatter cornea compared to the inferior steeper cornea, typically showing negative vertical coma aberrations. The cone will also distort incoming light waves by tilting them, including triangular astigmatism or trefoil. Finally the steepened cone also induces spherical aberration. 21 Several studies have been conducted to prove the sensitivity and specificity of wavefront analysis for the diagnosis of keratoconus based on anterior and posterior corneal aberrations as well as total ocular aberrations. Some of these studies are mentioned below.
Corneal Aberrations Detection using Wavefront Analysis in Patients with Keratoconus
The detection of keratoconus based on Zernike coefficients from corneal front surface was pioneered by Schwiegerling 22, 23 and has been used in many studies ever since. 23 results. They too found elevated amounts of 3rd-order coma and trefoil in keratoconic eyes compared to normal eyes, as well as elevated spherical aberrations. The average total 3rd-order RMS value for a 6 mm corneal aperture was 0.28 ± 0.15 μm in 870 normal eyes vs 3.10 ± 2.28 μm in 73 keratoconic eyes. Their results showed that the best differentiator of keratoconus was negative vertical coma, with a specificity of 71.9% and a sensitivity of 89.3%. To be deemed 'abnormal' the value of vertical coma should be lower than -0.12 μm; to be deemed 'keratoconic' the vertical coma value should be lower than -0.30 μm. Gobbe et al were the first to use the aberration values of vertical coma as a diagnostic tool on undiagnosed patients to help detect keratoconus with a high level of sensitivity.
Comparing Corneal Aberrations and Total Ocular Aberrations in Patients with Keratoconus
Maeda et al (2002) 27 compared total ocular (from Shack-
Hartmann data) and corneal aberrations (from videokera tographic data) measured using the combined Wavefront Analyzer KR-9000 (Topcon, Tokyo, Japan). Both sets of data were measured and compared between normal and keratoconic eyes. The study found that, compared to normal eyes, keratoconic patients had significantly higher levels of 3rd-order RMS error in both corneal (0.26 μm in normals vs 1.99 μm in keratoconics) and ocular aberration measurements (0.25 μm in normals vs 1.83 μm in keratoconics). They also found a significant correlation between anterior corneal aberrations and total ocular aberrations for keratoconic eyes, hence suggesting that the anterior surface of the cornea was therefore the major contributor to the total eye aberrations in keratoconus, however the keratoconic eyes investigated ranged from 'suspect' (or forme fruste) to 'mild' keratoconus cases only. In a later study, Jafri et al 28 reported that higher order wavefront aberrations, along with a combination of topography and wavefront variables were effective for distinguishing between early and suspected keratoconus. This prospective comparative study evaluated 50 normal eyes, 10 eyes with early keratoconus, and 10 eyes with suspected keratoconus using Placido's disk-based topography (Tomey TMS-1) and Hartmann-Shack aberrometry (Alcon LADARWave). The RMS for vertical coma, total coma and secondary astigmatism was significantly higher in keratoconus. However, there is an overlap between the groups which limits the ability of total wavefront RMS for the diagnosis of keratoconus. Interestingly, it was the combination of vertical coma and the inferior-superior topographic value that enabled the best distinction between keratoconus and normal eyes. In another recent study (Sujatha Mohan) 29 higher-order aberrations were analyzed and compared between 3 groups of patients (Simple refractive errors, high astigmatism, and keratoconus) to determine if they can be used as an
Figs 3A to C: Impact of the scanned pupil area for calculating wavefront aberrations the original scan was 7.44 mm which enables to calculate the PSF, RMS and all maps up to 2 mm: (A) Dilated pupil demonstrating higher order aberrations, (B) mild dilated pupil with less aberrations, (C) miotic pupil demonstrating no aberrations at all images were taken from the textbook on keratoconus: new insights with permission from the publisher
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additional tool for the detection of keratoconus. Corneal topography and analysis of wavefront errors using the Wavelight analyzer II, and Tscherning aberrometry were used in this study. The results of this study demonstrated that Spherical aberrations were significantly higher in the patients with high astigmatism with a mean value of 1.49 when compared with simple refractive errors. Trefoil was also higher in the high cylinder group (mean value 5.579) when compared to the other 2 groups but not statistically significant. Coma and total aberrations were significantly higher in the keratoconus group (mean 0.314 and 2.058 respectively) compared to the other two groups (simple refractive errors and high astigmatism). Ariela Gordon-Shaag et al 30 compared high order aberrations of the cornea and of the eye with inferior-superior (I-S) corneal topography values in keratoconic eyes (including also eyes with suspected keratoconus and eyes without keratoconus). The L80 wave+ instrument was used (it can measure corneal topography and aberrations simultaneously with a large dynamic range) for its ability to evaluate higher order aberrations to the seventh order of the Zernike polynomial function series. The results of this study showed that all ocular and corneal higher aberrations were found to be significantly higher for keratoconic compared to normal eyes, but for suspected keratoconus the results were inconclusive. Corneal aberrations were higher than ocular aberrations due to compensation from the internal aberrations. For manifest keratoconus, the corneal and ocular vertical coma displayed the largest difference (38.6 and 78.5 times higher respectively) compared to normal eyes, while the largest differences for suspected keratoconus were only 5.3 and 4.0 times higher, respectively. In addition, inferiorsuperior dioptric asymmetry was 9.4 and 37.3 times higher for suspected keratoconus and keratoconic eyes respectively, compared to normal eyes. The separation of normality curves between suspected keratocons and normal eyes was 28.6% for I-S and 14.3% for both corneal vertical coma and corneal total coma. This comparison highlighted the fact that, traditional corneal topography values such as the I-S dioptric asymmetry remain an important predictor for identifying suspected keratoconus, however, ocular vertical coma and ocular higher order total RMS are a good mean of identifying suspected keratoconus.
Total Ocular Aberrations in Patients with Keratocouns
Miháltz et al 31 in another prospective case-control study evaluated total wavefront aberrations with a HartmannShack sensor on keratoconus and found a significantly higher level of aberrations in Keratoconic eyes compared to normal controls. They also described the changes in the axis of line of sight (LoS) among keratoconic patients. A significant displacement of the LoS was observed in keratoconus and is related to the position of the cone on topography and the vertical coma measured by aberrometry.
Anterior and Posterior Corneal Aberrations in Patients Suffering from Keratoconus
Jens Buhren 32 assessed the suitability of corneal anterior and posterior surface aberrations and thickness profile data for discriminating between eyes with early keratoconus (KC), fellow eyes of eyes with early KC and normal eyes. In this study, metrics constructed by discriminate analysis obtained from Zernike coefficients from the corneal first surface, detected subclinical KC with excellent accuracy (Vertical coma from the anterior surface was the coefficient with the highest ability to discriminate the group). Adding information from the posterior corneal surface and corneal thickness spatial profiles did not notably increase the discriminative ability, most likely because the correct classification rates utilizing the anterior corneal surface data were already high ('ceiling effect'). In contrast, data obtained from the posterior corneal surface and from corneal thickness spatial profiles alone did not show classification rates superior to those from corneal first-surface data.
Bühren et al (2007), 33 using the Orbscan II, found significantly elevated levels of vertical coma (-0.300 μm), secondary vertical coma (Z 5,-1) (0.037 μm) and 3rd-order RMS error (0.476 μm), compared to normal control eyes. These results support Gobbe and Guillon's (2005) previous study suggesting that corneal aberration data (as well as corneal height and curvature/shape data) can be useful to help detect 'forme fruste' keratoconus. This study found that for vertical coma the Orbscan recommended a cut-off value of -0.20 μm (or less) in order to be deemed 'abnormal' (or formefruste). Bühren et al showed that mild keratoconic eyes had an average vertical coma value of -1.35 μm compared to -0.17 μm in normal eyes. David Piñero, Jorge L Alió et al 34 evaluated the anterior and posterior corneal aberrations provided by the Pentacam system in normal and early to moderate keratoconic eyes. In this study, two groups were included, one group normal eyes and eyes with the diagnosis of keratoconus. Significant differences were found in all anterior aberrometric parameters except for horizontal primary and secondary coma Zernike terms. Regarding the posterior corneal surface, significant differences among groups were found in primary spherical aberration, primary vertical coma, coma RMS and comalike RMS. In the normal group significantly higher levels of primary vertical coma, spherical aberration, coma and coma-like RMS were found for the posterior corneal surface.
In the keratoconus group, only significant differences among anterior and posterior corneal surfaces were found in coma RMS, coma-like RMS and vertical coma. These higher levels of aberrations for the posterior corneal surface are in contrast to the theoretical optical properties of this surface. The ratio of refractive indices between air and the anterior surface is 1.0/1.376 and between the aqueous and the posterior surface is 1.376/1.336. This converts to about 1/14 of refraction occurring posteriorly compared to anteriorly.
In conclusion, with Pentacam system, higher levels of vertical coma, primary coma and coma-like aberrations are present in keratoconic eyes compared to normal eyes. The values provided by this device for posterior corneal aberrations were deemed erroneous.
Tomoya et al 35 investigated high order aberrations due to the posterior corneal surface in keratoconic eyes compared to normal eyes using a rotating Scheimpflug camera. HOAs (high order aberrations) were calculated at 6 mm pupils and were expanded with normalized Zernike polynomials. The results demonstrated that the mean total corneal HOAs (RMS) from the anterior-posterior surfaces were significantly higher in keratoconic eyes (4.34/1.09, respectively) compared to the control eyes (0.46/0.15). The mean magnitude of each Zernike vector terms for trefoil, coma, and spherical aberrations from the anterior-posterior surfaces was significantly higher in keratoconic (0.77/0.19, 3.57/0.87, -0.44/0.17) vs control eyes (0.09/0.04, 0.33/0.07, 0.25/-0.07), respectively. In conclusion, corneal HOAs on both corneal surfaces in keratoconic eyes were higher than in control eyes. Coma from the posterior surface compensated partly for the anterior surface coma.
SUMMARY
Corneal front surface aberrations obtained from corneal height data using wavefront technology allow for the detailed description of the optical quality of the cornea. It has been shown to be a reliable tool for the detection of early keratoconus and for the follow-up of the progression of the condition.
Differences between normal corneas and suspected keratoconus were significantly higher in the largest pupil diameters. Hence, differential diagnosis routinely done to detect keratoconic cornea should concentrate on the corneal aberrations measurements in large pupils (a 6.0 mm diameter pupil has been showed to be useful and is recommended).
When selecting criteria to differentiate between normal and keratoconic (suspected and diagnosed) corneas the overwhelming clinical concern is not to fail in diagnosing an affected patient, hence the test sensitivity is of prime importance. Based on this concern and studies described here, coma along y-axis is the recommended selection criteria. Coma along y-axis (Z_13) was the most efficient in detecting both early suspected keratoconus (sensitivity 89.3%, specificity 71.9%) and diagnosed keratoconus (sensitivity 94.1%, specificity 88.9%). This diagnostic tool could be incorporated into the video keratoscope analysis software and offer a percentage of likelihood whether or not the cornea measured is normal. Assessment of high order aberrations using wavefront analysis can be used as a tool in the diagnosis of keratoconus in addition to other standard methods.
